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 �� � ���� � ��  ! "  � � � �� � � �� �� � � �  # � � � � � �
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 �� � � %� � & � �  � ' � �� � & � � �

(� Hungry 
 �� � #� �� �) � � �
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. � � � � � � � � � �� � � � ��
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 � ��� + � �� � � � �) �  " � ��� � � � � �� � � � � ,
$ - $$ - $$$

. �
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;8 6 9 G P =8 6 6 G G 6 > N => ; � @ G P > s 6 : @ G @IH = 6 D G F 6 9 =w

➤

K P @ : 9 > R = : C = F @ : @ 6 ? G8 = = : = � = F G @IH =N S s 8 6s 6 : @ G @ 6 ? > N > ? C ;D N N �8 : G

68 C =8 N 6 A @ F @ : ? 6 G => : @ N S F 6 H =8 = Cw

➤

� ? S M 6 6 N => ? ;D ? F G @ 6 ? F> ? M = = ? F 6 C = C > : > C = F @ : @ 6 ? G8 = =¶ MD G :D F P

> 8 =s 8 = : = ? G> G @ 6 ? 9 > S 8 =¯ D @8 = > :s > F = = Qs 6 ? = ? G @ > N @ ? G P = ?D 9 M =8 6 ;

> G G8 @ MD G =:h¶ > : ;68 £ �� 1 /$ > ? C ¢ � � �� 1 /$ �- 2 � /1 � 2 ¤w

➤

5768 n

O 6 6 N => ? > G G8 @ MD G =:h¶ G P =8 = >8 = 22n C @ � =8 = ? G O 6 6 N => ?  H > N D = C

;D ? F G @ 6 ? :w � P = ? n = 6¶ G P @ : ?D 9 M =8 @ : > M 6 D G

1.8×1019w

z

©

� 	 	� {| � 
 � �� � 
 � � � 
} � � 
 � ~ � � 
� � � z � � � �� �� �� 
 � z � � � z�

AB

��� � ��� �� 	 
 �� 
 �� � � 	 	� �� � 
� �� � � 
 �� �� �� 
 � � � � �� � � �'

&

$

%

# � ­�� © � � � �.� © � � � « � + � � � � �� « � ��� � �¬ � � �

➤

� ? 4¡ � ¢£ 0 4 @ : C = : F8 @ M = C MS > F 6 9 M @ ? > G @ 6 ? 6 ; H > N D = : ;68 G P =

> G G8 @ MD G = : > ? C G P = F 68 8 = :s 6 ? C @ ?A H > N D = 6 ; G P = A 6 > N s 8 = C @ F> G =w

➤

K P = G> : R @ : G 6 ;68 9 > C = F @ : @ 6 ? G8 = = ;68 G P =s 8 = C @ F> G = WillWait D : @ ? A

> : = G 6 ; £ � ¤ 1 /1 � 4 > ? C 2 4 �� /1 � 4 = Q > 9s N = : > : G P = /� � 132 132 � ¤ 4 /Y

Example
Attributes Goal

Alt Bar Fri Hun Pat Price Rain Res Type Est WillWait

X1 Yes No No Yes Some $$$ No Yes French 0–10 Yes
X2 Yes No No Yes Full $ No No Thai 30–60 No
X3 No Yes No No Some $ No No Burger 0–10 Yes
X4 Yes No Yes Yes Full $ No No Thai 10–30 Yes
X5 Yes No Yes No Full $$$ No Yes French >60 No
X6 No Yes No Yes Some $$ Yes Yes Italian 0–10 Yes
X7 No Yes No No None $ Yes No Burger 0–10 No
X8 No No No Yes Some $$ Yes Yes Thai 0–10 Yes
X9 No Yes Yes No Full $ Yes No Burger >60 No
X10 Yes Yes Yes Yes Full $$$ No Yes Italian 10–30 No
X11 No No No No None $ No No Thai 0–10 No
X12 Yes Yes Yes Yes Full $ No No Burger 30–60 Yes

z
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➤

� G8 @H @ > N : 6 N D G @ 6 ? = ? F 6 C = : => F P =Q > 9s N = > : > s > G P N => C @ ?A G 6 > N => ;Y

tw �N 6 ?A G P =s > G P ¶ > N N G P = > G G8 @ MD G = : > 8 = G = : G = C @ ? GD 8 ?w

�w K P = N => ; ? 6 C = P 6 N C : G P = F 68 8 = F G FN > : : @ � F> G @ 6 ? ;68 G P = = Q > 9s N =w

➤

TD F P > C = F @ : @ 6 ? G8 = =s 8 6 C D F = : F 68 8 = F G FN > : : @ � F> G @ 6 ? : ;68 G P =

=Q > 9s N = : @ ? G P = G8 > @ ? @ ? A : = G¶ MD G F> ? ? 6 G = Q G8 >s 6 N > G = G 6 6 G P =8 :w

➤

O S >s s N S @ ?A G P = � _ � m a � �� [ a	 j [ s 8 @ ? F @s N =¶ � = : P 6 D N C � ? C >


 : 9 > N N @ : P� C = F @ : @ 6 ? G8 = = G P > G @ : F 6 ? : @ : G = ? G � @ G P =Q > 9s N = :w

➤

± ? ;68 GD ? > G =N S ¶ @ G @ : ]d \[ a _ \ a � be G 6 � ? C G P = : 9 > N N = : G C = F @ : @ 6 ? G8 = = ;68

> G8 > @ ? @ ? A : = G¶ MD G8 =N > G @IH =N S : 9 > N N 6 ? = : F> ? M = ;6 D ? C D : @ ? A >

:D @ G> MN = P =D 8 @ : G @ F :w

z

©

� 	 	� {| � 
 � �� � 
 � � � 
} � � 
 � ~ � � 
� � � z � � � �� �� �� 
 � z � � � z�

AB
��� � ��� �� 	 
 �� 
 �� � � 	 	� �� � 
� �� � � 
 �� �� �� 
 � � � � �� � � �'

&

$

%

➤
K P = M > : @ F @ C => @ : G 6 G = : G \ m e � j � \ ]� l j [ \ ad \ a \ \[ ] � � \e ^[ � \¶ @w =w ¶G P = 6 ? = G P > G M = : G FN > : : @ � = : =Q > 9s N = : @ ? G P = G8 > @ ? @ ?A : = Gw

 7¡ � ¢£ 0 4¥ B ? G P =8 = : G> D 8 > ? G = Q > 9s N =¶ G P = > G G8 @ MD G = Patrons S @ =N C : >

9D F P M = G G =8 FN > : : @ � F> G @ 6 ? G P > ? G P = > G G8 @ MD G = Typew

(a)

French Italian Thai Burger

Type?

None Some Full

Patrons?

YesNo Hungry?

(b)

No Yes

121 3 4 6 8

2 5 7 9 10 11

121 3 4 6 8

2 5 7 9 10 11

1

5

6

10

4 8

2 11

123

7 9 7 11

1 3 6 8 124

2 5 9 10

124

2 105 9

z

©

� 	 	� {| � 
 � �� � 
 � � � 
} � � 
 � ~ � � 
� � � z � � � �� �� �� 
 � z � � � z�



AB

��� � ��� �� 	 
 �� 
 �� � � 	 	� �� � 
� �� � � 
 �� �� �� 
 � � � � �� � � �'

&

$

%

 �  � � «� � � ¨ � � «� �� �� � � � � �.� © � � � « � + � � � �

➤

K P =s 8 6 F = : : F> ? M = ;68 9 > N @´ = C > : > F 6 ? F8 = G = N => 8 ? @ ? A > N A 68 @ G P 9Y

function DECISION-TREE-LEARNING(examples, attributes, default) returns a decision tree
inputs: examples, set of examples

attributes, set of attributes
default, default value for the goal predicate

if examples is empty then return default
else if all examples have the same classification then return the classification
else if attributes is empty then return MAJORITY-VALUE(examples)
else

best � CHOOSE-ATTRIBUTE(attributes, examples)
tree � a new decision tree with root test best
for each value vi of best do

examplesi

� �

elements of examples with best = vi

�

subtree � DECISION-TREE-LEARNING(examplesi, attributes � best,
MAJORITY-VALUE(examples))

add a branch to tree with label vi and subtree subtree
end
return tree

z
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➤

K P = G8 > @ ? @ ?A : = G @ : :s N @ G @ ? G 6 : 9 > N N =8 : = G : 6 ; =Q > 9s N = : G P > G >8 =

: 6 N H = C > :8 = FD 8 : @IH = @ ? : G> ? F = : 6 ; G P = C = F @ : @ 6 ? G8 = = N => 8 ? @ ?A s 8 6 MN = 9w

➤

K P =8 = FD 8 : @IH =s 8 6 MN = 9 : ;> N N @ ? G 6 ;6 D 8 C @ � =8 = ? G F> G =A 68 @ = :Y

tw B ; G P =8 = > 8 = M 6 G Ps 6 : @ G @IH = > ? C ? =A > G @IH = = Q > 9s N =:h¶ G P = ? 6 ? = 6 ;

G P = M = : G > G G8 @ MD G = : @ : F P 6 : = ? G 6 :s N @ G G P = =Q > 9s N = :w

�w B ; > N N G P =8 = 9 > @ ? @ ?A = Q > 9s N = : >8 =s 6 : @ G @IH = � 68 > N N ? =A > G @IH = � ¶ G P = ?

G P = > ? :� =8 @ : Yes

� 68 No

�w

�w B ; G P =8 = > 8 = ? 6 =Q > 9s N = : N = ; G¶ G P = 9 > � 68 @ GS FN > : : @ � F> G @ 6 ? > G G P =

? 6 C = ° :s >8 = ? G @ :8 = GD 8 ? = C > : > C = ;> D N G H > N D =w

�w B ; G P =8 = > 8 = ? 6 > G G8 @ MD G = : N = ; G¶ MD G M 6 G Ps 6 : @ G @H = > ? C ? =A > G @IH =

= Q > 9s N =:h¶ G P =8 = @ : 2 � 1 ¤ 4 @ ? G P = C > G> j [ G P = : = G 6 ; > G G8 @ MD G = : @ :

@ ? :D , F @ = ? G G 6 ;D N N S C = G =8 9 @ ? = G P = A 6 > N s 8 = C @ F> G =w
➤

� � > S G 6 P > ? C N = G P = N > : G F> G =A 68 S @ : G 6 D : = > 9 > � 68 @ GS H 6 G =w

z
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 7¡ � ¢£ 0 4¥ K P = ;6 N N 6 � @ ?A G8 = = @ : 6 M G> @ ? = C ;68 G P = => 8 N @ =8 G8 > @ ? @ ?A : = GY
None Some Full

Patrons?

No Yes

No  Yes

Hungry?

No

No  Yes

Fri/Sat?

YesNo

Yes

Type?

French Italian Thai Burger

Yes No

➤

K P =8 = :D N G @ ? A C = F @ : @ 6 ? G8 = = @ : 9D F P : @ 9s N =8 G P > ? G P = 68 @7A @ ? > N G8 = =

� � P @ F P � > : > F GD > N N S D : = C ;68 A = ? =8 > G @ ? A G P = G8 > @ ? @ ? A : = G �w

➤

J = :s @ G = : @ 9s N @ F @ GS ¶ G P = C = F @ : @ 6 ? G8 = =s 8 6 CED F = : > F 68 8 = F G

FN > : : @ � F> G @ 6 ? ;68 =H =8 S =Q > 9s N = @ ? G P = G8 > @ ? @ ? A : = Gw

z
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➤

�s =8 ; = F G > G G8 @ MD G = C @IH @ C = : G P = : = G 6 ; = Q > 9s N = : @ ? G 6 :D M : = G : @ ?

� P @ F P = Q > 9s N = : > 8 = > N N s 6 : @ G @H = 68 > N N ? =A > G @IH =w

➤

) ? = :D @ G> MN = 9 => :D 8 = ;68 F 6 9s > 8 @ ?A > G G8 @ MD G = : @ : G P = = Qs = F G = C

> 9 6 D ? G 6 ; 132 � �� ¢ � /1 � 2 � @ ? G P = : = ? : =s 8 6s 6 : = C MS T P > ? ? 6 ? �

6 M G> @ ? = C MS N => 8 ? @ ? A G P = = Q > F G H > N D = : 6 ; > G G8 @ MD G = :w

 7¡ � ¢£ 0 4¥ TD s s 6 : = S 6 D > 8 = A 6 @ ?A G 6 M = G 1 � 6 ? G P = � @s 6 ; > F 6 @ ?w

tw B ;

P(Heads) = 0.99¶ G P = ? EMV = 0.99×1

�

−0.01×1

�

= 0.98

�

> ? C

VPI(Heads) = 1

�

−0.98

�

= 0.02

�w

�w B ;

P(Heads) = 0.5¶ G P = ? EMV = 0.5×1

�

−0.5×1

�

= 0

� > ? C

VPI(Heads) = 1

�

−0

�

= 1

�w

☞

K P = N = : : S 6 D R ? 6 � ¶ G P = 9 68 = H > N D > MN = G P = @ ? ;68 9 > G @ 6 ?w

z
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➤

B ? ;68 9 > G @ 6 ? G P = 68 S D : = : G P = :> 9 = @ ? GD @ G @ 6 ? ¶ MD G @ G 9 => :D 8 = :

@ ? ;68 9 > G @ 6 ? F 6 ? G = ? G @ ? �1 /¤ 8 > G P =8 G P > ? H > N D = 6 ; @ ? ;68 9 > G @ 6 ?w

➤

B ? A = ? =8 > N 6 ? = M @ G 6 ; @ ? ;68 9 > G @ 6 ? @ : = ? 6 D A P G 6 > ? :� =8 > S = : 	 ? 6

¯ D = : G @ 6 ? > M 6 D G � P @ F P 6 ? = P > : ? 6 @ C =>w

➤

B ? A = ? =8 > N ¶ G P = @ ? ;68 9 > G @ 6 ? F 6 ? G = ? G I 6 ; G P = > F GD > N H > N D = 6 ;

V

@ :

I(P(v1), . . . ,P(vn)) =
n

∑
i=1

−P(vi) log2 P(vi)

� M @ G : �w

� P =8 = P(v1), . . . ,P(vn)

>8 = G P =s 8 6 M.> M @ N @ G @ = : ;68 G P =s 6 : : @ MN = H > N D = :

v1, . . . ,vn

6 ; G P = H > 8 @ > M N = Vw

 7¡ � ¢£ 0 4¥ K P = @ ? ;68 9 > G @ 6 ? F 6 ? G = ? G I( 1
2 , 1

2) = − 1
2 log2

1
2 − 1

2 log2
1
2 = 1M @ G :¶ MD G

I( 1
100 , 99

100) ≈ 0.08

M @ G :w

z
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➤

B ? F> : = 6 ; C = F @ : @ 6 ? G8 = =:h¶ G P = 132 � �� ¢ � /1 � 2 �� 12 ;8 6 9 A = G G @ ?A G 6

R ? 6 � G P = = Q > F G H > N D = 6 ; > v  H > N D = C > G G8 @ MD G = A @ : A @IH = ? MS

Gain(A) = I(
p

p+n
,

n
p+n

)−Remainder(A)

� P =8 = G P = [ e � a ]d ]d f ]d �j [� a \ ]jd _ jd \ ed \

Remainder(A) =
v

∑
i=1

(
pi +ni

p+n
× I(

pi

pi +ni
,

ni

pi +ni
))

> ? C

p

�

pi

� > ? C

n

�

ni

� > 8 = G P = ?D 9 M =8 : 6 ;s 6 : @ G @IH = > ? C ? =A > G @IH =

=Q > 9s N = : � G P > G P > H = G P = ith H > N D = 6 ;

A

@ ? F 6 9 9 6 ? �w

 7¡ � ¢£ 0 4¥ 6 68 = @ ? ;68 9 > G @ 6 ? @ : A > @ ? = C ;8 6 9 Patrons

G P > ? ;8 6 9 TypeY

Gain(Patrons) = 1− [ 2
12 I(0,1)+ 4

12 I(1,0)+ 6
12 I( 2

6 , 4
6 )] ≈ 0.541 � � &

Gain(Type) = 1− [ 2
12 I( 1

2 , 1
2 )+ 2

12 I( 1
2 , 1

2 )+ 4
12 I( 2

4 , 2
4 )+ 4

12 I( 2
4 , 2

4 )] = 0�

z
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➤

� N =>8 ? @ ?A > N A 68 @ G P 9 @ : A 6 6 C @ ; @ Gs 8 6 CED F = : P Ss 6 G P = : = : � P @ F P S @ =N C

F 68 8 = F G FN > : : @ � F> G @ 6 ? : ;68 > : 9 > ? S D ? : = = ? =Q > 9s N = : > :s 6 : : @ MN =w

➤

� � > S G 6 =H > N D > G = G P =s =8 ;68 9 > ? F = 6 ; > N => 8 ? @ ?A > N A 68 @ G P 9 @ : G 6

tw r 6 N N = F G > N >8 A = : = G 6 ; = Q > 9s N = :w

�w J @IH @ C = @ G @ ? G 6 > /� � 132 132 � ¤ 4 / > ? C > : =s > 8 > G = / 4¤ / ¤ 4 /w

�w �s s N S G P = N =>8 ? @ ?A > N A 68 @ G P 9 G 6 G P = = Q > 9s N = : @ ? G P = G8 > @ ? @ ?A

: = G @ ? 68 C =8 G 6 A = ? =8 > G = > P Ss 6 G P = : @ :
hw

�w 6 => :D 8 = G P =s =8 F = ? G> A = 6 ; =Q > 9s N = : @ ? G P = G = : G : = G G P > G > 8 =

F 68 8 = F GN S FN > : : @ � = CMES G P = P Ss 6 G P = : @ : hw

yw U =s => G : G =s : t G 6 � ;68 8 > ? C 6 9 G8 > @ ? @ ? A : = G : 6 ; @ ? F8 => : @ ? A : @I´ =w

z
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➤
K P =s =8 ;68 9 > ? F = 6 ; > :s = F @ � F N => 8 ? @ ? A > N A 68 @ G P 9 F> ? M = C =s @ F G = C

> : > 0 4�� 2 132 � �- � � 4 G P > G A @IH = : G P =s =8 F = ? G> A = 6 ; F 68 8 = F G

FN > : : @ � F> G @ 6 ? : 6 ? G P = G = : G : = G > : > ;D ? F G @ 6 ? 6 ; G P = G8 > @ ? @ ?A : = G : @I´ =w

➤

K6 > H 6 @ C £ 4 4 *132 � > G G = : G C > G> ¶ G P = : =N = F G @ 6 ? 6 ; P Ss 6 G P = : = : : P 6 D N C

? 6 G M = M > : = C 6 ? > � Q = C G = : G : = Gw

 7¡ � ¢£ 0 4¥ K P = N =>8 ? @ ?A FD 8 H = M =N 6 � : P 6 � : P 6 � G P = C = F @ : @ 6 ? G8 = =

N => 8 ? @ ?A > N A 68 @ G P 9s =8 ;68 9 : @ ? G P =8 = : G> D 8 > ? G = Q > 9s N =Y
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U = F> N N G P =s 6 : : @ M @ N @ GS 6 ;d j ]� e @ ? G P = G8 > @ ? @ ? A : = G � G P =8 = >8 = G� 6
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